The incudostapedial (IS) joint between the incus and stapes is a synovial joint consisting of joint capsule, cartilage, and synovial fluid. The mechanical properties of the IS joint directly affect the middle ear transfer function for sound transmission. However, due to the complexity and small size of the joint, the mechanical properties of the IS joint have not been reported in the literature. In this paper, we report our current study on mechanical properties of human IS joint using both experimental measurement and finite element (FE) modeling analysis. Eight IS joint samples with the incus and stapes attached were harvested from human cadaver temporal bones. Tension, compression, stress relaxation and failure tests were performed on those samples in a micro-material testing system. An analytical approach with the hyperelastic Ogden model and a 3D FE model of the IS joint including the cartilage, joint capsule, and synovial fluid were employed to derive mechanical parameters of the IS joint. The comparison of measurements and modeling results reveals the relationship between the mechanical properties and structure of the IS joint.
Introduction
The middle ear ossicular chain includes three ossicles (malleus, incus and stapes) and two joints (incudomallear and incudostapedial joints). The incudostapedial (IS) joint X. Zhang · R. Z. Gan (B) School of Aerospace and Mechanical Engineering and Bioengineering Center, University of Oklahoma, 865 Asp Avenue, Room 200, Norman, OK 73019, connects the incus to the stapes and the stapes footplate sits on the oval window and contacts to fluid inside the cochlea. The IS joint is a synovial joint consisting of a joint capsule, cartilage, and synovial fluid as observed from histology (Ohashi et al. 2005; Wang et al. 2006 ) and scanning electron microscopy (SEM) of the middle ear (Djeric et al. 1987; Ortug et al. 2006; Karmody et al. 2009 ).
Mechanical properties of the IS joint directly affect the stapes movement or the middle ear transfer function for sound transmission (Gan et al. 2004) . IS joint abnormalities, such as disarticulation and ankylosis, can induce severe conductive hearing loss or even deafness (Holler and Greenberg 1972; Suzuki et al. 2008; Sim and Chang 2008) . The design and evaluation of middle ear surgery and reconstruction of the middle ear with ossicular prosthesis are also related to the structure and mechanical properties of the IS joint (Schwetschenau and Isaacson 1999; Vishwakarma et al. 2009; Celik et al. 2009 ).
Experimental measurement on mechanical properties of the human IS joint has never been reported in the literature because of its extremely small size and complex structure. A lack of information on the mechanical properties of the IS joint affects full understanding of middle ear biomechanics. For example, the IS joint was assumed as an isotropic elastic material in published finite element (FE) models of the human ear with a constant Young's modulus of 0.6 MPa (Prendergast et al. 1999; Wada et al. 1997; Gan et al. 2004 Gan et al. , 2007 Gan and Wang 2007) . The joint capsule, cartilage, and synovial fluid were not involved in these FE models. Funnell et al. (2005) reported on the articular connection between the incus lenticular process and stapes head using a FE model of the cat ear, but the synovial fluid was not included in the joint.
In this study, we report the experimental measurement of the mechanical properties of the human IS joint with an Fig. 1 a A schematic showing the location of the IS joint in the middle ear. b A picture of a human IS joint specimen with incus and stapes attached. c Two views of the specially designed metal adapter for gripping the IS joint specimen. d Schematic of the experiment setup for IS joint testing in MTS. The IS joint specimen was placed in a 2D micro-translational stage on MTS. The stapes was fixed on the temporal bone and the incus long process was attached to the metal adaptor. The specimen was lined by adjusting the translational stage with the help of a CCD camera attached to a surgical microscope analytical approach and FE modeling to derive mechanical parameters of the joint. Uniaxial tension and compression, stress relaxation, and failure tests were conducted on IS joint samples in a micro-material testing system (MTS). The 3D FE model of the IS joint including the joint capsule, cartilage, and synovial fluid was created to simulate the experiment. The analytical solution was based on the hyperelastic Ogden model (Ogden 1984) and Prony series to describe mechanical behavior of the joint capsule. Finally, the comparison of measurements and FE modeling results reveals the relationship between the mechanical properties and structure of the IS joint.
Methods

Specimen preparation
The IS joints were harvested from eight fresh human temporal bones (5 left and 3 right) obtained through the Willed Body Program at the University of Oklahoma Health Sciences Center. The average age of donors (all male) was 62 (ranging from 53 to 82). All the experiments were performed within 6 days after harvesting the temporal bones. To maintain soft tissue compliance, the bones were immersed in 0.9% saline solution containing 15% povidone at 5 • C until use. The bone was checked under the microscope to assure no degradation or abnormality before preparation of the sample. After opening the tegmen and removing the tympanic membrane together with the malleus, the temporal bone was cut into a 3 × 3 × 1.5 cm 3 block to expose the IS joint with incus and stapes attached as shown in Fig. 1b. Figure 1a is a schematic showing the location of the IS joint in the middle ear.
The whole specimen was then placed on a 2D microtranslational stage in MTS (Model 100R, TestResources, MN) as shown in the experimental setup schematic (Fig. 1d) . The translational stage was used for aligning the IS joint with the load cell in the vertical axis with the help of a CCD camera attached to a surgical microscope, viewing from two directions (front and side views). The stapes footplate was fixed to the bony wall using cyanoacrylate gel glue (Loctite). As validated in Cheng et al. 's studies (2007 and 2008) , this kind of glue can provide sufficient fixation on the samples without noticeable dislocation happening. The other end of the IS joint, long process of the incus, was grabbed by a specially designed metal adapter, which was connected to the load cell in MTS (see pictures of the adapter in Fig. 1c) . The adapter had a U-shaped groove to fit the incus with glue. Great care was taken to avoid the glue dropping onto the IS joint.
Note that the load cell's deformation was not taken into account as it had much higher stiffness than soft tissues (GPa level of load cell vs. MPa level of soft tissue). The deformation of the pedicle, which connects the incus long process and lenticular process, was also not taken into account because of its much larger elastic modulus (12 GPa, reported from Funnell et al. 2005 ) than that of the IS joint ( MPa level). After the specimen was lined up in MTS, a preload of 0.001 N was applied to the specimen through the load cell to be settled
